T wo-dimensional layered semiconducting materials, notably the metal chalcogenides and dichalcogenides (GaS, GaSe, GaTe, InSe, etc. and ABSTRACT Developing methods for the facile synthesis of two-dimensional (2D) metal chalcogenides and other layered materials is crucial for emerging applications in functional devices.
T wo-dimensional layered semiconducting materials, notably the metal chalcogenides and dichalcogenides (GaS, GaSe, GaTe, InSe, etc. and MoS 2 , WS 2 , MoSe 2 , NbSe 2 , etc.), have recently attracted significant renewed attention due to the novel physical, chemical, electrical, and optical properties that can emerge when they are isolated in nanosheets of singleor few-layer thickness. 1À15 Because of quantum confinement effects, band structures of few-layer nanosheets can be significantly different than in the bulk, resulting in changes from indirect to direct bandgaps, 16, 17 valley polarization effects, 18 and high photoresponsivity 4, 8, 13, 19, 20 that are envisioned for optoelectronic applications as sensors or photovoltaics. Two such semiconducting layered materials, gallium selenide (GaSe, p-type, direct bandgap of 2.11 eV) 4,6,21À23 and molybdenum diselenide (MoSe 2 , n-type, direct bandgap of 1.5 eV), 1,12,17,24À28 are promising photoresponsive 4, 12, 22, 28 and catalytic 29, 30 materials. Each layer of GaSe (3.75 Å lattice constant) 22 and MoSe 2 (3.28 Å lattice constant) 24 consists of SeÀGaÀGaÀSe and SeÀMoÀSe atoms, respectively, with strong intralayer bonding but weak interlayer van der Waals interactions. As a result, few-layer nanosheets of these and other metal chalcogenide and dichalcogenide materials can be isolated by mechanical cleavage 4, 6, 31, 32 or chemical exfoliation 33À35 methods. However, the 2D crystals produced by these techniques are typically limited to submicrometer dimensions, which limits the range of their possible applications. 35 Vapor transport growth (VTG) methods, on the other hand, have been the most viable techniques to produce large single-crystalline domains of monolayer to few-layer metal chalcogenide nanosheets of several types on various substrates to date. Direct physical vapor deposition of atoms and molecules at very low pressures, for example, by molecular beam epitaxy, often suffers from a lack of stoichiometry due to selective reevaporation and also small crystallite sizes. 36, 37 More commonly, highpressure carrier gases are used to entrain different precursors that are vaporized within a tube furnace to nucleate and grow 2D crystals on a substrate some distance away. 22, 27, 28, 38, 39 In some of these cases, the precursor vapor chemically reacts with another predeposited precursor film on the substrate to grow 2D crystals. 40, 41 However, these high-pressure VTG methods involve complex gas dynamics near substrates at elevated temperatures and diffusion of only a very small fraction of the precursors through a boundary layer to the substrate where crystal growth occurs. These processes result in well-known problems, including (1) a highly nonuniform spread of crystallite sizes over a substrate area due to nonuniformity of the boundary layer, (2) poor run-to-run reproducibility related to difficulties in controlling the complex gas dynamics at elevated temperatures near a substrate, and (3) wasting the majority of the precursor material. Enclosures can provide a degree of confinement in 2D materials growth within a tube furnace. For example, in the reduction of WO 3 powders by vapor-phase sulfur during the growth of 2D WS 2 crystals, Cong et al. brought the substrate close to the WO 3 powders to confine the reaction zone. 2 However, the necessary vapor-phase transport and diffusion of sulfur into the reaction zone in these experiments has the inherent, aforementioned limitations of stoichiometry, reproducibility, and uniformity.
Here we introduce a new confined vapor transfer growth method that preserves stoichiometry, provides uniform growth conditions over large areas, addresses boundary layer nonuniformity, and digitally provides a limited quantity of precursors to grow 2D materials with a controllable number of layers. The technique is demonstrated for the growth of GaSe and MoSe 2 2D crystals on SiO 2 /Si substrates over large areas or in predefined patterns that are digitally transferred from one substrate to another.
The digital transfer growth method combines pulsed laser deposition (PLD) and VTG processes. Recently, we demonstrated that pulsed laser vaporization and deposition can, in a single step, be used to synthesize and deposit metal chalcogenide nanoparticles for the stoichiometric growth of crystalline 2D nanosheet networks on substrates at elevated temperatures. 20 However, due to the high nucleation density inherent in these experiments, the average size of the triangular 2D crystals within the networks was limited to ∼200 nm.
Here we employ PLD to first deposit a uniform and precise amount of stoichiometric precursor nanoparticles onto a source substrate at room temperature. This material is then covered by a receiver substrate which is placed in contact and on top of the source substrate to form a confined VTG system. By orienting the source substrate in contact with a heater face and controlling the background gas pressure, a controllable temperature gradient can be established that results in condensation of the evaporated precursor materials onto a receiver substrate and growth of 2D crystals. This combined PLD and VTG approach allows a high degree of control over (1) the stoichiometry and quantity of precursor nanoparticles delivered to the growth substrate and (2) the nucleation density, crystalline nanosheet size, and growth location. We demonstrate the patterned growth of crystalline nanosheets in well-defined locations on SiO 2 /Si substrates with a controlled number of layers using complete evaporation and transferral of very discrete amounts of stoichiometric nanoparticle precursors. Micro-Raman and photoluminescence (PL) spectroscopy, atomic force microscopy (AFM), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were used to characterize the crystalline quality, size, and number of the layers within various nanosheets. Figure 1 illustrates the experimental steps for depositing the precursor nanoparticles onto a source substrate by PLD and subsequent crystal growth on a receiving substrate using an induced temperature gradient. PLD was chosen as a method to deposit precursor materials because the technique not only lends itself to "digital" control over the amount of material deposited but also stoichiometric transfer of such materials onto the surface of our source substrates. Typically, PLD involves the generation of a laser plasma consisting of high kinetic energy ions and neutral atoms, followed by slower moving molecules and clusters. In vacuum, the highly nonequilibrium PLD process can produce fast ions and neutrals with sufficiently high kinetic energies (>100 eV) to form ultrahard thin films, but typically background gases are used to moderate kinetic energies to ∼1 eV for the formation of stoichiometric nanoparticles. 42, 43 As shown by ICCD and optical images in Figure 1a , thin layers of precursor films with controlled thicknesses were uniformly deposited by PLD onto the surface of the source substrates (∼1.5 cm 2 Si with a 300 nm thermal oxide) at room temperature in an argon background pressure of ∼1 Torr. Bulk stoichiometric GaSe and MoSe 2 (see Figure S1 in the Supporting Information) were used as ablation targets, and the laser fluence was adjusted to approximately 1 J cm À2 to ensure stoichiometric transfer of the precursors onto the source substrate (see Figure S2 in the Supporting Information). The thickness of the PLD-deposited films ARTICLE was "digitally" controlled by adjusting the number of the laser pulses while keeping the target-to-substrate distance (∼5 cm) constant. The resultant PLDdeposited GaSe and MoSe 2 precursor films were composed of small nanoparticles approximately 5À10 nm in size as shown in parts b and c, respectively, of Figure 1 . After the nanoparticle deposition, the source substrate was covered with a receiver substrate to effectively make a confined growth system as shown in Figure 1d . The assembly was placed on a 1-in. button heater with the source substrate in contact with the face of the heater, and a temperature gradient was induced (from the source to the receiver substrate) to initiate growth. The background pressure was held at approximately 10À20 Torr to help establish a temperature gradient. More specifically, the temperature gradient was established by setting the heater to a temperature that would evaporate the nanoparticles (∼850°C for GaSe and ∼950°C for MoSe 2 ) and then tuning the thermal coupling between the source and receiver substrate using Ar gas (see Figure S3 , Supporting Information). By adjusting the Ar gas pressure to 10À20 Torr, it was found that the temperature of the receiver substrate could be adjusted to a suitable growth temperature (∼730°C for GaSe and ∼820°C for MoSe 2 ). The temperatures of the source and receiver substrates were measured by a thermocouple and a pyrometer, respectively. A pressure of 10À20 Torr was found to be the optimum for growth as pressures below 10 Torr resulted in a receiver substrate that was too cool for growth, thereby producing amorphous films.
RESULTS AND DISCUSSION
Conversely, for pressures above 20 Torr, the receiver substrate was much too hot for growth, and material simply evaporated from the receiver. The number of layers and lateral sizes of the nanosheets were investigated by optical and atomic force microscopy. The optical and AFM images of the GaSe and MoSe 2 crystals showed both isolated triangles and continuous monolayer films depending on the thickness of the precursor nanoparticles deposited on the source substrate. Under the reported deposition conditions, an average thickness of approximately 1 nm of nanoparticle precursors was deposited for every 15 laser pulses, an amount which was just sufficient for the formation of continuous monolayer crystals. Figure 2 shows the optical and AFM images obtained from samples that were synthesized with 10 pulses of GaSe precursor. Isolated GaSe nanosheets with lateral dimensions of up to ∼100 μm were observed as shown in Figure 2a . The isolated monolayer crystals grew larger in size and eventually merged (see Figure S4 in Supporting Information) to form a continuous monolayer for 15 pulses of precursor material as shown in the optical and AFM images of Figure 2c ,d. The continuous monolayer regions exhibited millimeter-scale coverage in our current experiments. The gold marks (50 nm thick) are incorporated onto the receiver substrate to aid in locating individual nanosheets for further studies. Further increases in the number of precursor pulses resulted in the nucleation and growth of additional triangular GaSe nanosheets on the underlying continuous monolayer. Parts e and f of Figure 2 , for example, show the optical and AFM images of a large GaSe nanosheet (∼60 μm) that grow after deposition of 20 laser pulses of nanoparticles, and the height profiles taken along the dashed lines in Figure 2f ,g show it was composed of one to two monolayers. Similarly, optical and AFM images of MoSe 2 nanosheets are shown in Figure 3 , and as indicated in the optical and AFM images in Figure 3a ,b, isolated triangular MoSe 2 monolayers were also achieved with deposition of 10 laser pulses of precursor nanoparticles. As in the case of GaSe, further increases in the number of precursor pulses resulted in the growth of a MoSe 2 film as the individual nanosheets merged into a continuous layer as shown in Figure 3c ,d. Figure 3e shows a high ARTICLE magnification AFM image of a monolayer MoSe 2 nanosheet that is identified by the height profile (∼0.7 nm) along the edge.
The crystal structure of GaSe nanosheets was characterized by high-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) as shown in Figure 4a ,c. The lattice fringes of GaSe crystals in the TEM images show a hexagonal crystal structure with a lattice constant, a, of 3.7 Å. The SAED pattern in Figure 4c shows a single set of diffraction spots with 6-fold symmetry, indicating single crystalline nanosheets. Similarly, MoSe 2 layers were also investigated by TEM and SAED, and the results are shown in Figure 4d ,f. The lattice fringes of MoSe 2 crystals in the TEM images showed a hexagonal crystal structure with a lattice constant, a, of 3.3 Å.
Raman and photoluminescence spectroscopy with a 532 nm laser excitation source was used to complement the HRTEM and SAED findings by characterizing the crystalline quality and number of layers of the GaSe and MoSe 2 crystals on a much larger length scale. The Raman active modes are thickness-dependent, making them well-suited for the measurement of layer number. Candidate GaSe and MoSe 2 nanosheets with different layer numbers were first identified by AFM, and then corresponding Raman and PL spectra were taken on a different instrument and correlated using the gold reference markers to locate the same nanosheets. As previously reported, GaSe has D 3h symmetry with 12 vibrational modes, eight of which are in-plane ), and as shown Figure 5a , this spectrum is compared to the Raman spectra of GaSe nanosheets grown on SiO 2 /Si substrate with thicknesses ranging from one to five layers. According to the results, no measurable Raman signal was identified for monolayer (red curve) and bilayer (green curve) GaSe. However, the onset of observable Raman peaks at 133 cm À1 (A 1 1g ) and 211 cm À1 (E 1 2g ) was obtained from trilayer GaSe (purple curve), and these peaks increased linearly as the number of the layers increased, ultimately reaching the characteristic bulk lines (black curve). In addition, as the number of layers approached mono-and bilayer GaSe, the bulk GaSe Raman peak at 309 cm À1 shifted close to the Si peak at 303 cm À1 and became indistinguishable from it, while the position of the other peaks remained unchanged. The nanosheets were also characterized by PL, and the results are shown in Figure 5b . Note that spectra were derived from the same locations as those used for the Raman spectra. The PL spectra of monolayer and few-layer GaSe were found to be very weak due to a direct-to-indirect bandgap transition from the bulk to few layers of 2D GaSe crystals. 39 As we will observe below, this behavior is opposite to that of other 2D semiconductors (e.g., MoS 2 , WS 2 , MoSe 2 , etc.) where the intensity of their spectra increases as the number of the layers approach a monolayer due to a bandgap transition from indirect to direct. 
ARTICLE
In the case of MoSe 2 , the most intense and identifiable peak is the out-of-plane A 1g mode located at ∼243.7 cm À1 for bulk MoSe 2 .
32,45 Figure 5c shows the Raman spectra for MoSe 2 with layer numbers ranging from 1 to 3. The bulk A 1g mode tends to shift from ∼243.5 cm À1 to 240.5 cm À1 as the number of layers approaches one. This softening of the A 1g mode is attributed to the decreased interplanar restoring force. As in the case of GaSe, the nanosheets were also characterized by PL, and the results are shown in Figure 5d . Although a sharp and intense PL peak at ∼800 nm was observed for monolayer MoSe 2 (red curve in Figure 5d ), the intensity of this peak decreased significantly for layer numbers greater than one. The PL spectra of GaSe differ markedly from those of MoSe 2 in which the intensity of the PL emission undergoes an abrupt increase at a monolayer due to an indirect-to-direct bandgap transition. The growth technique described above also offers the opportunity for patterned growth by depositing the precursor onto the source substrate through a contact mask during the laser deposition. Due to direct contact of the source and receiver substrates and limited lateral diffusion (∼2 μm), crystal growth is therefore mostly confined within the patterned areas. Figure 6 shows optical and AFM images of the GaSe patterns before and after the synthesis process. To form the square patterns, laser-ablated precursor nanoparticles were deposited onto the source substrate through a TEM grid that was used as a contact mask. The logo, Center for Nanophase Materials Sciences at Oak Ridge National Laboratory, contact mask was prepared by conventional photolithography and wet etching processes. Figure 6 shows the square patterns and logo prepared using 50 pulses of precursor and 10 and 20 min of growth time, and as shown, few layer GaSe nanosheets were confined to the patterned areas. The observed variations in the thickness of the digitally transferred materials was due to nonuniform coverage of the precursor within the patterned area resulting from shadowing due to the thickness (∼300 μm) of the contact mask used in the demonstration. It should be also mentioned that the size and density of the nanosheets change with the growth time. For instance, 50 pulses of source materials and growth time of 10 min resulted in the formation of nanosheets with lateral sizes of ∼2 μm. However, for the longer growth time of 20À30 min, larger nanosheets with lateral sizes of 4À10 μm were observed, respectively (see Figure S5 , Supporting Information).
CONCLUSION
In conclusion, we report a new growth technique for the controlled synthesis of 2D layered chalcogenide Raman and PL spectra of GaSe obtained from GaSe nanosheets with different number of layers (the intensity of PL spectra for 1LÀ5L GaSe nanosheets are increased by a factor of 10). As the number of layers decreases, the intensity of both the PL and Raman decreases significantly. The PL intensity decreases significantly from bulk to few layers due to a direct-to-indirect bandgap transition. Also, as the number of layers approach mono-and bilayer GaSe, the bulk GaSe Raman peak at 309 cm À1 shifts close to the Si peak at 303 cm À1 and becomes indistinguishable from it. (c, d) Raman and PL spectra of MoSe 2 obtained from MoSe 2 nanosheets with different number of layers. In contrast to GaSe, as the number of MoSe 2 layers decreases to a monolayer, the Raman peak shifts from a bulk value of 242.5 cm À1 to 240.2 cm À1 , and the PL intensity increases significantly due to an indirect-to-direct bandgap transition (the intensity of PL spectra for 2L, 3L, and bulk MoSe 2 nanosheets are increased by a factor of 10). ARTICLE materials (e.g., GaSe and MoSe 2 ) that employs PLD of nanoparticles as a method for digital transfer of stoichiometric precursors onto source substrates. A confined growth system was then formed by covering the PLD-deposited source substrate with a receiver substrate, thereby forming a sandwich structure. This structure was then oriented on a heater so the source substrate was in contact with the heater face, and by controlling the pressure of Ar gas in the chamber, a temperature gradient could be tuned to produce a suitable temperature range for evaporation and growth on the source and receiver substrate, respectively. Two-dimensional nanosheets were synthesized with controlled size and the number of the layers in desired locations by controlling the site and thickness of PLD-deposited precursor nanoparticles and subsequent growth time. Raman spectroscopy, photoluminescence (PL) spectroscopy, atomic force microscopy (AFM), transmission electron microscopy (TEM), and scanning electron microscopy (SEM) were utilized to investigate the crystalline quality, size, and number of the layers. This technique appears promising for growth of a wide variety of binary and ternary 2D metal chalcogenides as it provides a versatile and digital approach for stoichiometric transfer of a variety of precursor materials onto various source substrates with subsequent synthesis on a number of receiving substrates through confined growth.
METHODS
Target Preparation. A MoSe 2 target was prepared by ball milling a stoichiometric mixture of H 2 -reduced Mo powder (Alfa Aesar, 99.999%) and as-received Se shot (Alfa Aesar, 99.999%), sealing the milled product in an evacuated silica glass ampule and slowly heating it to 1000°C. The ampule was held at ARTICLE this temperature for 2 h. The product was then pelletized using uniaxial pressing into a 0.5 in. diameter cylinder, sealed in another evacuated silica ampule, and heated at 1100°C for 6 days, thereby forming a sintered polycrystalline target (see Figure S1a , Supporting Information). To prepare the GaSe laser ablation target, 29 g (total) of Ga (Alfa Aesar, 99.9999%) and Se (Alfa Aesar, 99.999%) shot was placed inside a 19 mm i.d. fused silica ampule and sealed under high vacuum. The ampule was heated slowly to 980°C and held at this temperature for 6 h. Twice during the soak at 980°C, the furnace was opened and the ampule shook gently to eliminate bubbles trapped between the melt and the wall of the ampule. After 6 h, the furnace was turned off and allowed to cool to room temperature. The resulting boule was ruby-colored GaSe and appeared to be composed of many large nanosheets each several mm in size (see Figure S1b , Supporting Information).
Pulsed Laser Deposition of Precursor Nanoparticles. SiO 2 /Si source substrates were placed d = 5 cm away and parallel to the GaSe/MoSe 2 targets in a cylindrical chamber (50 cm inner diameter, 36 cm tall). The GaSe and MoSe 2 targets were ablated by imaging at 5:1 reduction a rectangular aperture illuminated by an excimer laser (KrF 248 nm, 20 ns full width at halfmaximum (fwhm)). The resultant spot size and energy density were 2 Â 5 mm 2 and 1 J cm
À2
, respectively. The target was irradiated at 30°angle of incidence with a repetition rate of 1 Hz. The gas pressure in the chamber was controlled in the 0.2À10 Torr pressure range with mass flow controller (Ar 99.995%, 0À500 sccm) and a downstream throttle valve controller. Prior to deposition, the vacuum chamber achieved a base pressure of 1 Â 10 À6 Torr. Characterization of GaSe and MoSe 2 Nanosheets. SEM (Zeiss Merlin VP SEM microscope system) and HRTEM images, electron diffraction patterns (Zeiss Libra 200 MC transmission electron microscope, operated at an accelerating voltage of 200 kV), AFM (Bruker Dimension Icon), and Raman spectroscopy (532 nm excitation source with 1 mW of power focused onto the samples through a 100Â 0.8 NA objective lens) were used to characterize the samples. GaSe and MoSe 2 nanosheets were released from the SiO 2 /Si substrate surface by etching the oxide layer using 10:1 buffer oxide etchant (BOE) and collected on TEM grids (SPI, 200 mesh Lacey carbon).
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